Photoelectron spectroscopy ͑PES͒ has been used to measure the dependence of core-level shifts on temperature T and source intensity for the clean ͑0001͒ surfaces of p-and n-GaN grown by metalorganic chemical vapor deposition. In the dark, the Fermi level at the surface occurs 2.55 eV above the valence band maximum for both carrier types. The surface photovoltage ͑SPV͒ induced by laboratory PES sources exceeds 1 eV on p-GaN at room temperature ͑RT͒. Hence PES at RT may prove impractical for determining Schottky barrier heights for optically thin metal films on p-GaN. The source-induced SPV falls rapidly with increasing T, persisting only to ϳ150°C with a standard ultraviolet PES source. This strong T dependence cannot be explained quantitatively by standard SPV models. Band bending is relatively immune to pyroelectric and piezoelectric polarization but is sensitive to chemisorbed oxygen; thermal conversion of the chemisorbed layer to an ''oxide'' reduces the effect of the contaminant. DOI: 10.1103/PhysRevB.66.121308 PACS number͑s͒: 73.30.ϩy, 72.40.ϩw, 73.61.Ey, 79.60.Ϫi Despite significant technological progress, much remains unknown concerning the underlying surface chemistry and physics of GaN, a wide-band-gap semiconductor (E G ϭ3.4 eV) of interest for high-temperature and blue optoelectronic devices. An important means for investigating surface properties is photoelectron spectroscopy ͑PES͒, which measures binding energies ͑BE's͒ of electronic states near the surface. However, PES can supply misleading BE's in semiconductors 1 if the source intensity is sufficient to create a surface photovoltage ͑SPV͒. This shift in the surface electrostatic potential occurs when photoexcited electrons and holes separate in the electric field of a surface space charge layer ͑SCL͒ and hence partially screen the field 2 ͑Fig. 1͒. This work examines the effects of source intensity, sample temperature T, and chemisorption on SPV for n-and p-GaN. The effect of SPV on the PES of GaN, which has received little attention to date, is found to be especially significant for p-GaN.
Despite significant technological progress, much remains unknown concerning the underlying surface chemistry and physics of GaN, a wide-band-gap semiconductor (E G ϭ3.4 eV) of interest for high-temperature and blue optoelectronic devices. An important means for investigating surface properties is photoelectron spectroscopy ͑PES͒, which measures binding energies ͑BE's͒ of electronic states near the surface. However, PES can supply misleading BE's in semiconductors 1 if the source intensity is sufficient to create a surface photovoltage ͑SPV͒. This shift in the surface electrostatic potential occurs when photoexcited electrons and holes separate in the electric field of a surface space charge layer ͑SCL͒ and hence partially screen the field 2 ͑Fig. 1͒. This work examines the effects of source intensity, sample temperature T, and chemisorption on SPV for n-and p-GaN. The effect of SPV on the PES of GaN, which has received little attention to date, is found to be especially significant for p-GaN.
Wurtzite-GaN films, ϳ2 m thick, with Ga-polar ͑0001͒ surfaces, were grown on sapphire by metalorganic chemical vapor deposition ͑MOCVD͒. Dopants were Si (1.6 ϫ10 17 cm Ϫ3 ) for n type and Mg for p type. For p-GaN, after activation of Mg by annealing, Hall measurements gave 1.2 ϫ10 17 holes cm Ϫ3 at room temperature ͑RT͒ from which the electrically-active Mg density (N A ) can be inferred 3 by using the ionization energy I a . Values of I a range 4,5 from ϳ140 to ϳ225 meV, giving N A 's of 9ϫ10 17 -2ϫ10 19 cm Ϫ3 , which lends uncertainty both to the T-dependent bulk hole concentration and to the charge density N SCL in the SCL, where N A is essentially fully ionized.
Experiments were conducted in ultra-high vacuum ͑base pressure ϳ5ϫ10 Ϫ11 Torr) on surfaces cleaned by nitrogenion bombardment for 10 min ͑1 keV, ϳ10 A cm Ϫ2 ͒ followed by a 5-min anneal at ϳ800°C. Spectra were obtained with a double-pass cylindrical mirror analyzer. Ultraviolet photoemission spectroscopy ͑UPS͒ used a dc discharge in He, giving mainly He I (hϭ21.22 eV), the predominant flux͒ and He II (hϭ40.81 eV) emission. X-ray photoemission spectroscopy ͑XPS͒ was done with Mg K␣ emission at hϭ1253.56 eV. The incident photon flux was measured using the photocurrent from a sputter-cleaned Au foil with due attention to the angle of incidence ( i Ϸ60°), the reflectance R( i ,h) ͑computed from optical constants͒, 6 and the photoelectron quantum yields. 7, 8 For GaN, R( i ,h)ϭ0.2 was computed 9 for HeI and taken as 0 for Mg K␣. To examine the SPV further, the near-UV flux ͑defined by a Corning 7-54 band-pass filter͒ from a 200-W high-pressure Hg-arc lamp could be focused onto the sample during PES. A 5-cm cell of deionized H 2 O reduced sample heating by absorbing infrared from the Hg arc. The Hg-arc flux was measured ͑in air͒ using a pyroelectric meter and the fraction absorbed by the sample computed using GaN optical constants. 10 Temperatures measured with a chromel-alumel thermocouple pressed against the back of the sample deviated by р25°C when checked against a pyrometer viewing a Si wafer mounted identically to the GaN. Surface cleanliness was checked after T scans ͑ϳ6 h in duration͒ by XPS. Oxygen contamination was typically Ͻ0.15 ML, compared to a saturation coverage 11 for chemisorption of 0.40 ML, where 1 ML is defined as one adsorbed O per surface Ga site. Figure 2 displays the intensity and T dependence of FV ͑cf. Fig. 1͒ for both n-and p-type samples as measured by XPS with and without secondary Hg-arc illumination. Also shown for p-GaN are UPS data and additional XPS data acquired with reduced x-ray flux ͑without Hg-arc illumination͒. For XPS, FV (T) was determined from the fitted N 1s kinetic energy ͑KE͒, E k (N 1s), at each T. Fitting also gave the KE of the 4d 5/2 level of a grounded Au reference, and FV was found from the relation FV ϭE B (Au 4d) 20 have not been observed for the present samples. Figure 3 shows that the intensity and T dependence of FV are in qualitative accord with SPV models. However, the T dependence for p-GaN is much stronger than expected.
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1,16 -18 The SPV can be estimated by balancing one- Fig. 1͒ vs increasing T, for n-͑open symbols͒ and p-GaN ͑solid symbols͒. The inset gives J eh , the generation rate for e-h pairs, and the PES source appropriate to each curve. ''XPS'' curves were obtained with different Mg-anode power levels, and ''Hg arc'' refers to XPS data recorded with simultaneous Hg-arc illumination. Smooth curves serve as visual aids. The dotted line at 2.55 eV gives the pinning position common to both types, and ⌬V n, p indicates the respective directions for increased SPV. Fig. 2 ͑symbols correspond͒ and theoretical curves pertinent to Hg-arc illumination ͑see the text͒. Data for the lowest XPS flux acting alone ͑p-type, solid circles͒ illustrate the strong T dependence that cannot be reproduced by SPV models, which for low flux give slopes for FV vs T that increase only slightly from those plotted. Inset: Intensity dependence of the SPV measured at 158°C by varying the XPS source flux ͑triangles͒ and at 40°C by varying secondary Hg-arc illumination via neutral density filters ͑diamonds͒. The logarithmic dependences are as expected for a SPV.
FIG. 3. Selected data from
RAPID COMMUNICATIONS dimensional generation and recombination particle-current densities, following Choo et al., 21 as
where J eh is the electron-hole pairs cm Ϫ2 s Ϫ1 generated by photon absorption, W is approximately the SCL width, a is the optical absorption depth, d is the minority-carrier diffusion length, is the bulk recombination time, and ␦p is the photoexcited carrier concentration at W. The left-hand side gives the pairs cm Ϫ2 s Ϫ1 photoexcited within the SCL. J SCL is the pairs cm Ϫ2 s Ϫ1 that recombine within the SCL, J SR is the surface recombination current, and the term in brackets accounts for J W , the diffusion current leaving ͑or, if negative, entering͒ the boundary at xϭW. To obtain ⌬VϭY 0 ϪY ͑cf. Fig. 1͒ 21 ␦pϭJ eh /͓(aϩd)(1ϩs/d)͔, which can then be equated to f (Y ) above to find ⌬V ͑Fig. 3, dashed line͒. The similarity of the two limits suggests that T-dependent PES alone cannot easily distinguish the two limits. To fit the data we set sϭ2.5ϫ10 7 cm s Ϫ1 , larger than the thermal velocities of electrons and holes, which suggests a large J SCL . Similarly, we had to reduce J eh by a factor of 25 to obtain a fit with Hecht's approach 1 if J SR included tunneling ͑as appropriate for Wϳ10 nm), or by a factor of 500 if not. These values for s and J eh are very sensitive to error in FV and hence are only suggestive.
We have also performed calculations with Eq. ͑1͒, treating both simple-thermionic 19 and thermionic-field 1,19 ͑tunneling͒ models for J SR , incorporating Shockley-Read-Hall recombination 21 in J SCL , allowing for electron degeneracy 23 in the SCL of p-GaN, and including 3 ⌬ FV (T). The net result for Hg-arc illumination ͑dot-dashed line, Fig. 3͒ shows no improvement in the fits and no release from the need for strong recombination. Importantly, the slopes of theoretical FV vs T curves remain similar to those in Fig. 3 for all intensities, so that the strong T dependences for p-GaN cannot be reproduced. These T dependences may be due either to poorly characterized material imperfections, such as bulk and surface traps and threading dislocations that are difficult to include in an analytical SPV model, or to inadequacies in the model itself. Model limitations include use of a flat quasi-Fermi-level, neglect of possible photo-induced changes in surface-trap charge, 2, 17, 22 and the use of a continuum approximation to treat fluxes so weak that, in the case of UPS, only one photon hits an area of d 2 every ϳ0.4 s ͑for dϭ1 m).
Other factors that could influence surface electrostatics are relatively unimportant since UPS data above ϳ150°C exhibit a Ͻ0.2-eV further shift. These factors include a 0.4-eV shrinkage of E G (T) over our T range 24 and changes in polarization surface charge ⌺ pol ϭ(P s ϩP p )"n, where n is the surface normal and P s and P p are, respectively, the spontaneous 25 ͑pyroelectric͒ and stress-induced ͑piezoelec-tric͒ polarization. P s is predicted 26 to produce ϳϪ2 ϫ10 13 charges cm Ϫ2 on the Ga-polar ͑0001͒ surface. As this is opposite in sign to that causing the downward band bending for p-GaN, other sources of charge on clean surfaces compensate for, or overwhelm, the effect of P s . For example, the larger of the lower limits given above for s (E F ) could accommodate a charge density of this magnitude. Using the piezoelectric tensor 27 and the T-dependent relaxation of in-plane compressive stress, 28 we compute that P p "n becomes less positive from RT to 600°C by ϳ5ϫ10 11 cm Ϫ2 . This change is small compared to ⌺ p ϳ(0.6 to 2͒ ϫ10 13 cm Ϫ2 ͑dependent on N SCL ) but, because it is comparable to Ϫ⌺ n ϳ1ϫ10 12 cm Ϫ2 that supports Y 0 ϭ0.7 eV on n type, it would increase Y 0 to 1.3 eV if there were no pinning mechanism.
The chemical state of the GaN surface affects the SPV. Figure 4 shows UPS data for a nominally clean surface before and after a saturation exposure to O 2 (ϳ500 ϫ10 Ϫ6 Torr s). At room temperature, chemisorbed O decreases FV by ϳ0.5 eV for p-GaN and ϳ0.2 eV for n-GaN. That FV decreases for both types suggests that chemisorbed O causes a negative charge on the surface, the magnitude of FIG. 4 . UPS data for n-and p-GaN before ͑squares͒ and after ͑circles͒ a saturation exposure to O 2 near RT. Arrows show the direction of temperature change during data acquisition. The temperature-induced conversion of chemisorbed O to ''oxide'' at у300°C affects the apparent SPV upon returning to lower temperature.
which ͑in the case of p-GaN͒ depends on N SCL . However, at a higher synchrotron-based source flux, 11 chemisorbed O is observed to increase FV for n-GaN ͑p-GaN not measured͒. This suggests that the apparent O-induced increase in FV seen at higher flux is caused by the larger SPV effect which overwhelms the true decrease in FV seen at a low flux. Previously 11 it was found that annealing a surface saturated with either chemisorbed O or H 2 O at у300°C converts chemisorbed O to an ''oxide'' ͑with O inserted into or below the surface plane͒ with little or no change in coverage. Figure 4 shows that this conversion causes the magnitude and T dependence of the SPV to return to nearly those of the nominally clean surface ͑cf. Fig. 3͒ . Note that, for clean surfaces, the slow O contamination noted above had little effect since FV routinely measured upon recooling, and during a reverse T-scan immediately after annealing, differed by р0.15 eV from results in Fig. 2 .
These first quantitative PES measurements of sourceinduced SPV's on GaN emphasize the need for care ͑espe-cially in the case of p-doping͒ when interpreting BE's both for clean surfaces and for those with adsorbates or optically thin metal adlayers. While the results are specific to the Gapolar face of wurtzite GaN grown by MOCVD, it presently appears that wurtzite p-GaN in general is prone to significant SPV-induced BE shifts. For example, large band bending has been reported 15 in the dark for MBE p-type samples which, as noted above, can be expected to lead to large SPV's. In addition, a recent synchrotron UPS experiment 29 has also implicated SPV as the cause of temperature-dependent BE shifts for N-polar, MBE grown, p-GaN (0001 ).
